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Introduction
The practical importance of fatigue failure in structural materials has motivated many works towards assessing the physical reasons for material sensitivity to corrosion fatigue (CF) and providing adequate damage models for engineers. In particular, developing an analytical methodology for predicting corrosion fatigue crack initiation (CFCI) [1] [2] [3] [4] [5] [6] [7] [8] and corrosion fatigue crack growth [7, 9, 10] for structures is a key issue. A model to compute the fatigue life of material (to crack initiation) under corrosion fatigue should takes many variables into consideration: chemical nature of the environment, stress/strain levels, stress ratio and loading frequency. Most investigators agree that CFCI occurs at the surface around corrosion defects [11] [12] [13] [14] . The effect of corrosion on fatigue life of stainless steels is most closely related to the passive film resistance [11, 15] . Much study has been focused on the effect of the microstructure, the thickness and the chemical composition of the passive films, on corrosion behaviour of metallic alloys, using surface analyses techniques [16] [17] [18] . But the mechanical behaviour of passive layer (thickness lower than 10 nm) stay to be difficult to characterise experimentally.
Several CFCI models were proposed and can be classified into:
1. competition between pit growth and short crack propagation [1, 2] , 2. preferential dissolution of plastically deformed material [3, 19, 20, 8, 14 ], 3. local rupture of the passive film by slip bands [4] [5] [6] [21] [22] [23] [24] and 4. lowering of surface energy due to adsorption of specific species from the environment [7] .
All of the above mechanisms involve a synergetic contribution of mechanical loading and electrochemical behaviour of tested material. In order to accurately predict the CFCI life, it is necessary to consider synergetic effects between cyclic loading (stress level, load ratio, loading frequency), material (passive layer) and corrosion parameters [22, 12, 15, 8] . Recent advances in local electrochemical characterization techniques have allowed to develop research works at the microscopic scale [25] . These techniques are used in stress corrosion cracking (SCC) tests to capture, in-situ, the temporal electrochemical behaviour [26, 27] . Experimental evidence show that pit growth rate is influenced by static stress in SCC tests [28, 27, 29] and by cyclic stress [6, 30, 31] . In HCF tests, the magnitude of synergetic effects is of major influence the pit initiation (depassivation) stage. This phenomenon can be evaluated by the use of in-situ global free potential measurement during CF test [32, 11, 33] . That allows to characterize the depassivation and corrosion T activity at the surface of the specimen during cyclic loading.
In the case of stainless steels, CF crack initiation is promoted by cyclic mechanical damage of the protective passive layer induced by the emergence of slip band. Passive films can act as obstacles to dislocation activity [21, 15] . Consequently, the PSB spacing will be small because slip localization is inhibited [34, 35] . By raising the dissolution rate, or by making the oxide film thinner, the barriers to slip are reduced, slip localization is favoured and PSB spacing increases [22] . The matrix dislocations tends to be transferred more easily into the PSB, further accelerating the formation of PSBs causing local ruptures of the passive layer [34] . Once the passive film damaged, the metal is directly exposed to the aqueous environment, resulting in preferential anodic area for local corrosive dissolution. This results in geometric corrosion defects leading to corrosion fatigue crack initiation [36, 37, 13] . The stress intensity will become high enough to initiate a crack in the metal [38, 14, 8] . An important requirement for this crack initiation scenario is that the material, in the given aqueous environment, must be in the passive domain without any cyclic loading. An efficient way to monitor passive film failure is to perform in-situ measurements of the free potential. Previous studies have shown that a sudden drop in the potential occurs when the mechanical cyclic loading (fatigue) is applied to the material [11] . When considering the CF processes on stainless steel, it should be noticed that both characteristic times of the cyclic loading and passivation processes influence the overall mechanical-corrosion synergetic effects. Indeed, if the passivation process occurs at a higher rate than the mechanically induced passive film damage, no CF effect is expected. On the contrary if the passivation process is too slow, localized dissolution process can take place leading to fatigue crack initiation.
In this study we investigated the effect of aqueous corrosion (0.1 M NaCl + 0.044 M Na 2 SO 4 ) on the CFCI mechanism of a martensitic stainless steel X12CrNiMoV12-3 used for aeronautical applications. An analytical CFCI model is proposed considering the coupling between corrosion parameters and cyclic loading in the HCF regime.
Material and methods

Material
The material used in this study is a martensitic stainless steel X12CrNiMoV12-3 used in aeronautical structures. The chemical composition of this alloy, in weight percent, is given as follows: 0.12C, 12Cr, 3Ni, 1.6Mo, 0.3V and Fe balance. Microstructural investigations showed a typical equiaxed martensite lath structure with residual austenite (less than 1% in the volume). The martensite lath dimension is around 2-3 μm. Prior austenite average grain dimension is around 100 μm. The 0.2% offset yield strength, and elongation to failure of the alloy are 1040 MPa and 15% respectively.
Experimental methods
For crack nucleation tests, 8 mm cylindrical specimens were machined from rolled bar and mechanically polished to obtain a surface finish with arithmetic roughness of about 0.1 μm. Uniaxial fatigue tests were performed under load control, using a resonant electromagnetic fatigue testing machine at 120 Hz (Vibrophore type). This frequency was chosen so that failure between 10 5 and 10 7 cycles could be reached in a reasonable testing time. Moreover, this loading frequency is typical for HCF test, even if it is higher than what is usually used for corrosion fatigue studies [32] . The stop criterion was a loading frequency drop of 0.7 Hz, corresponding to a technical fatigue crack with a typical surface length of 5 mm and a depth of 2 mm. In order to investigate a possible frequency effect, additional CF tests were performed at 10 Hz on a servo-hydraulic fatigue testing machine. CF testing were carried out at room temperature (≃20°C) under an aerated 0.1 M NaCl and 0.044 M Na 2 SO 4 aqueous solution (A s ) (with pH ≃ 6 and [O 2 ] ≃ 7 ppm) at the free potential. This aqueous media was optimized to reproduce the same morphology of corrosion defect observed at the surface of real components using a thin-layer cell [39] . The addition of sulphate limited the increase of the anodic potentials with the inhibitive effect of SO − 4 2 anion on pitting corrosion [17, 40] . To perform corrosion fatigue tests in the passive domain of the tested material, the (A s ) aqueous solution was selected. In this case, the prospective depassivation and pitting of the material under cyclic loading (fatigue test) is stress-assisted mechanisms. An electrochemical corrosion cell was developed for corrosion fatigue tests. This cell allows insitu fatigue testing in an aqueous corrosive environment and include three electrodes: a saturated calomel electrode (SCE) as the reference maintained at a constant distance (3 mm) from the specimen surface, a platinum counter electrode (CE) and the specimen as the working electrode (WE). Specimens were electrically insulated from the frame of the fatigue testing machine. The whole gauge section (area of interest) of the specimen was electrochemically monitored using a potentiostat device (Versastat4). During the CF tests, the free potential (OCP) value was monitored. Electrochemical impedance spectroscopy (EIS) analyses were carried out every 30 min (2.16 × 10 5 cycles at 120 Hz). Usual equivalent circuit modelling of the EIS data was used to extract physical properties of the electrochemical system by modelling the impedance data in terms of an equivalent electrical circuit. A solution resistance, R s , in series with a constant phase element, CPE, in parallel with a charge-transfer resistance, R ct , was considered, in particular to investigate the high frequency domain of electrochemical impedance measurements [39, 41, 42] . The high frequency range provides information on the passive film. The EIS investigation was performed in burgers vector e corrosion defect thickness galvanostat mode. A small amplitude sine wave current modulation ( ± 6 μA/cm 2 ) was carried out with a scanning frequency from 100 Hz up to 0.1 Hz. All diagrams exhibit a capacitive response characterised by the first part of a half circle. A fitting program (Zsimwin) was used to provide the coefficient values of both the CPE, R ct and R s . The capacitance of passive film was calculated using the Q and α parameters of the CPE using the Brug [43] formula given by:
The electrochemical investigation was carried out under both steady state and transient regimes. Two electrochemical techniques were used in this study: voltammetry and electrochemical impedance spectroscopy (EIS).
Results and discussion
Corrosion fatigue crack initiation mechanism
The effect of both the loading frequency and the aqueous corrosion on fatigue crack initiation life is detailed in [11] . Testing results show that the loading frequency (10 Hz and 120 Hz) has a little effect on the HCF strength in the aqueous solution as shown in Fig. 1 . For a given stress amplitude the number of cycles to CFCI at 10 Hz are lower than those obtained at 120 Hz. The S-N curves of the X12CrNiMoV12-3 stainless steel under fully reversed tension show a significant effect of aqueous corrosion on fatigue strength. The median fatigue strength at 10 7 cycles in aqueous solution decreases of 33% compared to the one in air (Fig. 1) . The open circuit potential (OCP) of the X12CrNiMoV12-3 steel without any mechanical loading is approximately +0.1 V/SCE which corresponds to the passivation domain. However, the free potential measurements during CF tests show that, for all the corrosion fatigue tests leading to crack initiation, a decrease in the free potential to the activated corrosion peak potential is observed systematically (Fig. 2-a) . This phenomenon is attributed to the damage of the protective (passive) film in aqueous solution due to the cyclic loading. For specimens which did not fail after 10 7 cycles, under the stress amplitude equals to the median CF strength at this number of cycles, the free potential decrease was not observed (Fig. 2-b) . During corrosion fatigue tests Electrochemical Impedance Spectroscopy (EIS) were carried out to evaluate the passivation state of the tested specimen. For CF test leading to failure, two regimes were clearly observed: one without cyclic stress and one with cyclic stress. In the regime without cyclic stress, a low capacitance was measured. This result denotes the presence of a protective passive film. Once the cyclic stress is applied, the capacitance increases significantly. This result shows a progressive local rupture of the passive film induced by the applied cyclic loading (no generalised corrosion was observed after CF tests). Optical and SEM observations of the surface indicate that this OCP drop is associated to the development of corrosion pits at the surface. For not failed specimens, the capacitance increase was not observed, and the capacitance value was constant, less than 7 μF/cm 2 . This value corresponds to the capacitance of the passive layer of stainless steels measured without cyclic loading in the passive regime. This demonstrates that the aqueous media does not dissolve the passive film but that synergetic effects drive the process. AES Measurements were performed at ten different locations on the specimen surface in order to evaluate the thickness uniformity of the passive film. The half of the oxygen content in the passive film is considered [44, 45] as the corresponding thickness of passive film (see Fig. 3 ) and was found to be uniform on the specimen surface. Its value is around 3 nm for the passive film formed in air.
We conclude that the passive film is broken by material strain due to the applied cyclic loading, causing increased local corrosive attack. The passive film rupture threshold corresponds to the median fatigue strength at 10 7 cycles of the material in A s aqueous solution; it is noted Δσ th . Exceeding this threshold stress range, the local deformations associated to the development of micro-plasticity induce strong incompatibilities between the bulk and the passive film that cannot be accommodated by the later. This results in local passive film failure that initiates the local corrosion process. The fractographic examination indicates that corrosion fatigue cracks essentially nucleated and grew from one corrosion defect [11] . A schematic illustration of this CFCI process is illustrated in Fig. 4 . The proposed CFCI scenario contains tow essential periods leading to crack initiation from geometrical defect:
1. the local ruptures of the passive film by PSB emergence at the surface, 2. local dissolution in depassivated zones and initiation of localized geometrical defects, These steps are identified on the free potential evolution curve ( Fig. 2-a) . The decrease of the free potential corresponds to local ruptures of the passive film and the plateau corresponds to the free metal dissolution around depassivation sites at the potential of the activated corrosion peak. In this case, the number of cycles to CFCI life N f can be expressed by:
where N d is the number of cycles necessary to the local rupture of the passive film by PSBs emergence at the surface and N c is the number of cycles needed to develop a critical corrosion defect for fatigue crack initiation.
Analytical model
Depassivation life (N d )
The time necessary for the depassivation of the metal under cyclic loading depends on both the kinematic of PSBs emergence, and the time needed to obtain PSB high enough to induce the passive film failure. Harvey [46] and Gerberich [47] described, from atomic force microscopy (AFM) measurements, the fraction of plasticity emerging at the free surface of a cyclically stressed specimen. Considering slip deformation, as depicted in Fig. 5 , the amount of emerging strain at the surface during one cycle can be written as:
where δ s cum is the surface upset created by one cycle, h s is the slip plane spacing. The δ s /h s parameter represents a strain and the quantity f * Δϵ p reflects the fact that only a fraction of the dislocations created during a given stress cycle can emerge at the surface; i.e. f * is the fraction of emerging plasticity at the free surface. For N cycles, the cumulated strain (displacement over gauge length) can be written as:
where δ s cum is the cumulative surface upset. Gerberich et al. [47] determined the experimental evolution of the damage fraction, f * , versus the number of cycles, N, for the specimens under fully reversed fatigue loading in air and in 0.9% saline water under plastic strain ranges between 5 × 10 −4 and 2 × 10 −3 . These authors show that the fraction of emerging plasticity vs. the number of cycles can be expressed as:
where β and κ are two constants depending on the grain size of the material and the environment of the fatigue tests. Harvey et al. [46] show that the slip band spacing can continue to decrease under cyclic loading as long as the applied stress increases. The slip band spacing h s is inversely proportional to the effective cyclic stress range and it is expressed by:
where G is the shear modulus, b the Burgers vector, Δσ eff is the cyclic effective stress range and α is a fitting constant depending on the material grain size [46] . The definition of α needs AFM observations coupled with fatigue test at different stress levels to determine the empirical relation between h s and the applied cyclic stress. Δσ th is the median corrosion fatigue strength at 10 7 cycles determined experimentally by the stair case method. This corresponds to the threshold stress range of the passive film cracking under cyclic loading. Also, the cumulative surface upset δ s cum can be obtained by substituting Eq. (6) into Eq. (4). Fig. 12 . Comparison between the number of cycles to develop a critical defect (experimental data) on the martensitic stainless steel X12CrNiMoV12-3 tested in the aqueous solution (A s ) at R =−1 and the corrosion growth life model (Eq. (14)). 
The relation between Δσ eff and Δε p is experimentally determined for the X12CrNiMoV12-3 using tension-compression tests under various imposed plastic strain range as follows:
where k et m are material parameters identified by fitting experimental cyclic hardening data. Considering the depassivation stage for the formation of the fatigue crack, the number of cycles, N d , necessary to break the passive film can be obtained by substituting Eq. (9) into Eq. (8) (10) Note that G and b are material parameters. Furthermore, α, β and κ can be determined by AFM measurements.
Number of cycle for corrosion defect growth (N c )
The development of corrosion defects constitutes the second period of the corrosion fatigue crack initiation mechanism on the X12CrNiMoV12-3. This step represents the anodic dissolution of the depassivated surface zones due to the local PSB emergence. The corrosion rate can be expressed by the Faraday equation [4] [5] [6] 48 ]:
where I corr is the mean value of the electrochemical current achieved during the corrosion growth period. The volume of the dissolved metal during corrosion growth period is given by
The fractographic analysis of corrosion fatigue test specimens reveals the presence of a single crack initiation zone localised around a corrosion defect. We consider that the total volume corresponds to a single corrosion defect at the origin of the corrosion fatigue crack initiation. The shape of the corrosion defect can be estimated by the defect area (area) and the average thickness of slip bands (e) (Fig. 6) .
The volume of the corrosion defect, V C , is expressed by Eq. (13) using the geometrical parameter of Murakami ( area ) [38] .
The fatigue crack initiation life at a number of cycles less than 10 7 cycles occurs when the size of the corrosion defect reaches a critical value for the initiation of a fatigue crack. This critical size of corrosion defect ( area ) th depends on the level of the effective stress range. The number of cycles necessary to achieve the critical corrosion defect size can be obtained by:
where f is the loading frequency of the fatigue test.
Expression of number of cycles to CFCI (N f )
The fatigue life prediction model, based on the local depassivation by slip bands emergence and corrosion defect growth in depassivated area, yields to the relation between the number of cycles to crack initiation, in the HCF regime (between 10 5 and 10 7 cycles), N f , and material and mechanical parameters (Eq. (15)).
Experimental identification of the CFCI model parameters
Tow sets of material parameters must be determined: one set in the depassivation life model and one set in the local corrosion life model. The CFCI model parameters were identified from experimental data on the martensitic stainless steel X13CrMoV12-3.
Parameters identification needed to compute the depassivation life (N d )
The actual determination of the constants: β, α and κ involves AFM measurements on the tested material. In this study, these parameters were estimated using literature data. Marsh et al. [49] showed that the mechanism which produces slip band emergence is identical for the two environments (air and saline water with 0.9 mass% NaCl). However, this phenomenon strongly depends on the average grain size of the material [46] . Based on this argument, the material parameters β, α and κ (in Eqs. (5) and (6)) were estimated using experimental data obtained in the literature (see Figs. 7 and 8) [49, 50] on fatigue crack nucleation in fine grain HSLA steel tested in 0.9 mass% NaCl aqueous solution (vs. 0.6 mass% NaCl in our study). The typical martensite lath dimension is around 2-3 μm in HSLA steel [49, 50] , consequently these data can be used to estimate these parameters on the material of the present study. The fitted curve and the experimental data are shown in Fig. 8 .
Cyclic hardening tests were carried out at imposed cyclic strain on the martensitic stainless steel X12CrNiMoV12-3 to calibrate k and m parameters (Eq. (9)). The plastic deformation, Δε p , and the stress range, Δσ eff , were calculated using the stabilized cycle (at N f /2). The fitted curve and experimental data for unixial cyclic hardening are shown in Fig. 9 .
The threshold value, δ s,th cum , of δ s to break the passive layer (Eq. (8)) corresponds to the passive layer thickness determined experimentally from AES measurements given in Fig. 2 . The values of material parameters b and G were calibrated using experimentally data obtained from the literature.
The calibrated values of the depassivation model and identification experimental techniques are given in Table 1 . Fig. 10 presents the evolution of the depassivation life, N d , in A s as a function of the effective stress range, Δσ eff . Experimental data of N d was obtained using the OCP measurement during corrosion fatigue tests on the martensitic stainless steel X12CrNiMoV12-3 ( Fig. 2-a) . The predicted depassivation life, N d , agrees with the experimental data.
Parameters identification needed to compute the corrosion growth life (N c )
In the case of the stainless steel, we consider the oxidation degree of Fe 2+ , to calculate the molar mass (M = 55.85 g/mol and z = 2). F is the Faraday constant and ρ is the density of the studied material equal to 7, 8 g/cm 3 . The corrosion current, I corr , is considered as a constant value independent on the effective stress range levels of the fatigue tests. The corrosion current density value is around i corr = 4.5 μA/cm 2 at the free potential equal to −0.044V/SCE. It was determined experimentally determined by in-situ electrochemical measurements during corrosion fatigue test. The relation between the threshold defect size ( area ) th and the effective stress range, Δσ eff , is given by:
th eff (16) where C and n are two material parameters identified by fitting of fatigue data obtained on precorroded specimens (Fig. 11) . A study of the effect of the corrosion defect size on the fatigue crack initiation, when no mechanical/corrosion coupling occurs, can be found in [36] .
The calibrated values of corrosion growth model and identification experimental techniques are given in Table 2 . Fig. 12 shows the evolution of the corrosion growth life, N c , in saline water (A s ) as a function of the effective stress range Δσ eff . The predicted life, N c , agrees well with the experimental data obtained using the OCP measurement during corrosion fatigue tests on the martensitic stainless steel X12CrNiMoV12-3 ( Fig. 2-a) .
CFCI life model verification
The results of the proposed CFCI model are compared with corrosion fatigue data on martensitic stainless steel X12CrNiMoV12-3 tested in A s aqueous solution at loading frequency f = 120 Hz and stress ratio R =−1 (Fig. 13) . As it can be seen, the calculated corrosion model (Eq. (15)) gives a good assessment of the experimental results on X12CrNiMoV12-3. It is worth noting that the predicted CFCI life, N f , fits well the experimental ones while none parameter of the model directly uses these specific data.
Effect of the loading frequency on the CFCI life
The effect of the loading frequency in corrosion fatigue is related to the repassivation rate after local ruptures of the passive film and possibly modifies the corrosion growth period. However, it has been shown in a previous study [11] that the repassivation rate of the martensitic stainless steel X12CrNiMoV12-3 in A s aqueous solution is significantly lower than the characteristic time of the slip band emergence induced by the applied cyclic stress at a loading frequency of 10 and 120 Hz. This finding is in agreement with the CFCI life model (Eq. (14)). The loading frequency effect on the experimental CFCI life is given in Fig. 14. It shows that the loading frequency (at 10 Hz and 120 Hz) has an effect on the CFCI life in aqueous solution (A s ): this effect is well captured by the proposed approach. This effect may become more important for very low frequencies and should be checked with corrosion fatigue tests at lower loading frequencies where the repassivation characteristic time is larger than the slip band emergence one.
Effect of the CFCI threshold
For the studied X12CrNiMoV12-3 martensitic stainless steel, the CFCI threshold corresponds to the stress range of non developing slip bands to fracture the passive film in HCF regime (10 5 to 10 7 cycles).
The CFCI threshold depends on the alloy microstructure, the interaction between the alloy and environment, and on the fatigue loading conditions (stress range, stress ratio, etc.). The effect of stress ratio on CFCI threshold was investigated in this study. Tow stress ratio were considered R =−1 and R = 0.1. CF results show that the stress ratio affects the threshold stress, Δσ th , of CFCI. Considering the effective stress range, Δσ eff , the CFCI life, N f , at stress ratio R =−1 and R = 0.1 (given in Fig. 15 ), tend to be similar. Fig. 15 shows that the predicted CFCI life model gives good estimation of the experimental data at R =−1 and R = 0.1 using the threshold stress range experimentally identified for each stress ratio.
Conclusions
An analytical model able to compute the CFCI life, in HCF regime, has been proposed. This is containing a pit initiation model and corrosion growth one. It has been compared with experimental data on the martensitic stainless steel X12CrNiMoV12-3 and gives good results. The following key conclusions were obtained:
1. In-situ electrochemical measurements during corrosion fatigue tests show that the CFCI is due to (i) the local depassivation of the passive film and (ii) the corrosion pitting. 2. The depassivation period is associated to the slip bands emergence at the surface of the specimen. A depassivation life model, based on Gerberich and Harvey [46, 47] was identified to predict the number of cycles needed to fracture the passive film. The calculated results agreed well with the experimental data.
3. The transition between corrosion defect and crack propagation is defined by the size of the critical defects, which was chosen considering fatigue tests on precorroded specimens. Using the Faraday law, the corrosion rate under cyclic loading was estimated to compute the corrosion growth period of the critical corrosion defect. The calculated results agree well with the experimental data. 4. The proposed CFCI life model in HCF regime (Eq. (15)) takes into account the coupling effect between the pit initiation (depassivation) and the effective stress range. The consistency between the experimental and analytical results suggests that the effective stress range has an important effect on the corrosion process during the fatigue tests. In the same corrosion media, the calculated CFCI lives for stress ratio R = 0.1 and R =−1 agree well with the experimental data. 5. The effect of the loading frequency mostly concerns corrosion growth, while the depassivation phenomenon is not affected in the frequency range investigated here. Tow loading frequencies 120 Hz and 10 Hz were studied. With the decrease of loading frequency the corrosion time increases for the same number of cycles and the fatigue life is extended. The proposed CFCI life model gives a good estimation of the experimental data at 120 Hz and 10 Hz.
